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Background on Mouse as a Model Organism 

Over the past century, the mouse has developed into the premier mammalian model 
system for genetic research. Scientists from a wide range of biomedical fields have 
gravitated to the mouse because of its close genetic and physiological similarities to 
humans, as well as the ease with which its genome can be manipulated and analyzed. 

Although yeasts, worms and flies are excellent models for studying the cell cycle and 
many developmental processes, mice are far better tools for probing the immune, 
endocrine, nervous, cardiovascular, skeletal and other complex physiological systems that 
mammals share. Like humans and many other mammals, mice naturally develop diseases 
that affect these systems, including cancer, atherosclerosis, hypertension, diabetes, 
osteoporosis and glaucoma. In addition, certain diseases that afflict humans but normally do 
not strike mice, such as cystic fibrosis and Alzheimer's, can be induced by manipulating the 
mouse genome and environment. Adding to the mouse's appeal as a model for biomedical 
research is the animal's relatively low cost of maintenance and its ability to quickly multiply, 
reproducing as often as every nine weeks. 

Mouse models currently available for genetic research include thousands of unique 
inbred strains and genetically engineered mutants. There are mice prone to different 
cancers, diabetes, obesity, blindness, Lou Gehrig's disease, Huntington's disease, anxiety, 
aggressive behavior, alcoholism and even drug addiction. Immunodeficient mice can also 
be used as hosts to grow both normal and diseased human tissue, a boon for cancer and 
AIDS research. 

In the early days of biomedical research, scientists developed mouse models by 
selecting and breeding mice to produce offspring with the desired traits. Researchers also 
learned to produce useful, new models of genetic disease quickly and in large numbers by 
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exposing mice to DNA-damaging chemicals, a process known as chemical mutagenesis. 

In recent decades, researchers have utilized an array of innovative genetic 
technologies to produce custom-made mouse models for a wide array of specific diseases, 
as well as to study the function of targeted genes. One of the most important advances has 
been the ability to create transgenic mice, in which a new gene is inserted into the animal's 
germline. Even more powerful approaches, dependent on homologous recombination, have 
permitted the development of tools to "knock out" genes, which involves replacing existing 
genes with altered versions; or to "knock in" genes, which involves altering a mouse gene in 
its natural location. To preserve these extremely valuable strains of mice and to assist in the 
propagation of strains with poor reproduction, researchers have taken advantage of state- 
of-the-art reproductive technologies, including cryopreservation of embryos, in vitro 
fertilization and ovary transplantation. 

The Jackson Laboratory, a publicly supported national repository for mouse models 
in Bar Harbor, Maine, has played a crucial role in the development of the mouse into the 
leading model for biomedical research. Established in 1929, the non-profit center pioneered 
the use of inbred laboratory mice to uncover the genetic basis of human development and 
disease. In fact, the famous "Black 6" or C57BL/6J mouse strain whose genome is the 
focus of the landmark sequencing effort was developed in the early 1920s by The Jackson 
Laboratory founder Clarence Cook Little. 

Today, researchers at The Jackson Laboratory pursue projects in areas that include 
cancer, development and aging, immune system and blood disorders, neurological and 
sensory disorders, and metabolic diseases. Informatics researchers work with the public 
sequencing consortium to curate and integrate the sequenced mouse genome data with the 
wealth of biological knowledge collected in Jackson's Mouse Genome Informatics resource. 

In addition. The Jackson Laboratory distributes 2,700 different strains and stocks as 
breeding mice, frozen embryos or DNA samples. In FY 2002 alone, the lab supplied 
approximately 2 million mice to the international scientific community. 

Listed below is a sampling of mouse models developed and/or distributed by The 
Jackson Laboratory, along with brief descriptions of the human diseases they are helping 
scientists to understand: 
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• Down Syndrome - One of the most common genetic birth defects in humans, 
occurring once in every 800 to 1,000 live births, Dovra syndrome results from an extra copy of 
chromosome 21, an abnormality known as trisomy. The Ts65Dn mouse, developed at The Jackson 
Laboratory, mimics trisomy 21 and exhibits many of the behavioral, learning, and physiological 
defects associated with the syndrome in humans, including mental deficits, small size, obesity, 
hydrocephalus and thymic defects. This model represents the latest and best improvement of Down 
syndrome models to facilitate research into the human condition. 

• Cystic Fibrosis (CF) - The Cftr knockout mouse has helped advance research into 
cystic fibrosis, the most common fatal genetic disease in the United States today, occurring in 
approximately one of every 3,300 live births. Scientists now know that CF is caused by a small 
defect in the gene that manufactures CFTR, a protein that regulates the passage of salts and water in 
and out of cells. Studies with the Cftr knockout have shown that the disease results from a failure to 
clear certain bacteria from the lung, which leads to mucus retention and subsequent lung disease. 
These mice have become models for developing new approaches to correct the CF defect and cure 
the disease. 

• Cancer - The p53 knockout mouse has a disabled Trp53 tumor suppressor gene that 
makes it highly susceptible to various cancers, including lymphomas and osteosarcomas. The mouse 
has emerged as an important model for human Li-Fraumeni syndrome, a form of familial breast 
cancer. 

• Glaucoma - The DBA/2J mouse exhibits many of the symptoms that are often 
associated with human glaucoma, including elevated intraocular pressure. Glaucoma is a debilitating 
eye disease that is the second leading cause of blindness in the United States. 

• Type 1 Diabetes - This autoimmune disease, also knowoi as Juvenile Diabetes, or 
Insulin Dependent Diabetes Mellitus (IDDM), accounts for up to 10 percent of diabetes cases. Non- 
obese Diabetic (NOD) mice are enabling researchers to identify IDDM susceptibility genes and 
disease mechanisms. 

• Type 2 Diabetes - A metabolic disorder also called Non-Insulin Dependent Diabetes 
Mellitus (NIDDM), this is the most common form of diabetes and occurs primarily after age 40. The 
leading mouse models for NIDDM and obesity research were all developed at The Jackson 
Laboratory: Cp^^\ Lep^^, Lep/^ and tub, 

• Epilepsy - The "slow- wave epilepsy," or mouse is the only model to exhibit both 
of the two major forms of epilepsy: petit mal (absence) and grand mal (convulsive). It shows 
particular promise for research into absence seizures, which occur most often in children. 

• Heart Disease - Elevated blood cholesterol levels and plaque buildup in arteries within 
three months of birth (even on a low-fat diet) are characteristics of several experimental models for 
human atherosclerosis: the Apoe knockout mouse and C57BL/6J. 

• Muscular Dystrophy - The Dmd mouse is a model for Duchenne Muscular 
Dystrophy, a rare neuromuscular disorder in young males that is inherited as an X-linked recessive 
trait and results in progressive muscle degeneration. 

• Ovarian Tumors - The SWR and SWXJ mouse models provide excellent research 
platforms for studying the genetic basis of ovarian granulosa cell tumors, a common and very serious 
form of malignant ovarian tumor in young girls and post-menopausal women. 

Contact: Geoff Spencer NHGRI Phone: (301) 402-0911 

Last Reviewed: September 2004 
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I The Knockout Mouse Project 
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Mouse Knockout technology provides a powerful means of elucidating gene function in vivo, and a publicly available 
genome-wide collection of mouse knoclcouts would be significantly enabling for bicmvedtcal dtscov^. To date, published 
knockouts exist for only about 10% of mouse genes. Furthenmore. many of these are limited in utility because they have 
not been made or phenotyped in standardized ways, and many are not freely available to researchers. It Is time to harness 
new technolc^es and efficiencies of production to mount a high-throughput international effort to produce and 
phenotype knockouts for all mouse genes, and place these resources into the public domain. 
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Ntiw that the human and mouse genome 
&<rquenc4;s arc known '"^ attention has turned 
to elucidating gene f\in£Uon and identif>ing 
gene products thai might have dierapeutic 
value. The laboratory mouse (Mu$ musathts) 
hai had a prominent rde in the study of 
humvi disease mcdianisms throughout the 
rich» 1 00- year history^ of classical mouse genet- 
ics, exemplified by the lessons learned from 
naturally occurring mutants such as f^outi^, 
redcr^ and obcse^. The large-scale production 
and analysis of induced genetic mutations in 
Murms Q*cs, rettrafish and mice hs\x greatly 
accelerated the understanding of ^nc hjnctton 
in these ut^nism&. Among the model origan- 
isms, the mouse offea particular advantages 
for the study ofhuman biology aid disease: (i) 
the mouse is a mammrU, and its develop menin 
body plan, physiology, behavior and diseases 
ha\*c much in common with those of humans; 
(ii) almost all (99%) mouse genes have 
homologs in humans; and (iii) the mouse 
genome supporu lat^geted mub^cncsb in spe- 
cific genes by homologous recombination in 
etnbryomcsKm{ES) celk. allowing genes to be 
altered efficiently and precisely. 

The ability to disrupt, or knock out, a spe- 
cific gene in E5 cells and mice wa$ developed 
in the late 1980s ( ref. 7), and the use of knock- 
out mice has led to many insights into human 
biology and disease**". Current technology 
also permiu insertion of 'reporter' genes into 
the knocked-out gene, which on then be 
used to determine the temporal and spatial 

The Cetnprthfmiyc Knadcoui Mouse 
Project Consortium* 

* Authors and their affiimtiom areUittd at the 
end of the paper. 



expression pattern ofthe knockcd-out gene in 
mouj^e tissues. Such marking of cells by a 
reporter gene facilitates the identification of 
new cell types according to their gene expres- 
sion patterns and allows further characteriza- 
tion of marked tissues and single cells. 

Appreciation of the power of mouse genet • 
ics to inform the study of mammalian physi- 
ology and disease, coupled with the advent of 
the mouse genome sequelae and the ease of 
producing mutated alleles, has catalyzed pub- 
lic and prrvate sector initiatives to produce 
mouse mutants on a large scale, with die goal 
af eventually knocking out a substantial por* 
tion of the mouse gaiiome'^*'^, large-scale, 
publicly funded gene- trap progranvs have 
been tniiiaied in sc^rral countries, with the 
International Cenc Trap Consortium coordi- 
nating certain efforts and resouKes'**^'. 

Despite diese efforts, the total number of 
knodcout mice described in the literature Is 
rdativdy modest* corresponding to only - 10% 
of the -25iO0O mouse genes. The curated 
Mouse Knockout & Mutation Database lists 
2.669 unique genes (C Rathbone, personal 
communication), die curated Mouse Genome 
Database lists 2,847 unique genes, and an 
analysis at Lexicon Genetics identified 2,492 
unique genes (B.Z., unpublished data). Most 
of these knockouts are not readily available to 
scicntuu who may want to use Unrm in their 
research; for example, only 415 unique genes 
are represented as targeted mutations in the 
Jackson Laboratory's Induced Mutant 
Resource database (S. Rockwood^ personal 
communication). 

The converging interests of multiple mem- 
bers ofthe genomics community led to a meet- 
ing to discuss the advisability and fcastbilify of 



a dedicated project to produce knockout aDeles 
for all mouse genes and place them into the 
public domain. The meeting took place from 
30 September to I October 2003 at the 
Banbury Conference Carter at Cold Spring 
Maji>or Laboratory. The attendees of the meet> 
ing are the authors of this paper 

ts a systematic project warranted? 

A coordinated project to sy^ematically knock 
out all irkouse genes is likily to be of enormous 
bene6t to the research osmmunity, ghfen the 
demomirated power ofknodcout mice to duct^ 
date gene ftmcti<m, the frequency of unpre- 
dicted phenotype* in knockout mice, the 
potential economics of scale in an organixed 
and ardulty planned project, and the high cost 
and lack of availability ofknodcout mice being 
made in current efforts. Moreover, implement- 
ing such a systenrudc and comprehensive plan 
will greatly accelerate the translation of genome 
sequences imp biological insights. Knockout ES 
cells and mice currently available from the pub- 
lic and private sectors should be incorporated 
mto the gcnomc-widc inidativie as much as 
possible, aldiough »mc may be need to be pro- 
duced again if they xvcre nfiade with suboptimal 
methods (cjf., not including a marker) or if 
their use is restricted by intellectual property or 
other constraints. The advantages of such a sys- 
tematic and coordiimted cSbrt indudc effictent 
production with reduced costs; uniform use of 
knockout methods, allowing for more compa- 
rability between knockout mice; and ready 
acms to mice, their derivatives and data to all 
researchers widiout encumbrance. Solutions to 
the logisttcal. organizational and informatics 
issues associated with producing, characteriz- 
ii^ and distribuiing such a lar^ number of 
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phetnotyping : 



. Transcrlptome analysis 



Tier 1 phenotyping 
Tissue expression analysis 
Knockout mice 



£S cells 



Mouse genome sequence 



Hgors 1 Structure of resource pr<}ductk»i In the proposed KOMP. Usr^ the mouse genome sequenco 
as a feundation, knockout alleles in ES celts will be pnxhiced lot all genes, A subset oi ES cell 
knockou'ts wilt be used each yeer \o produce Knockout tnice, eelermlne Cte e^ifession pattern of Uve 
targeted gene in a variety of tissues and carry out screening-tevel CTier 1) phenotyping. In a subset of 
mouse lines, transcriptome analysis and more detailed system-specific (Tier 2) pt^rtotyping will be 
d&K. Rnatly, specialized phenotyping wilt t>e done on a snuller numt>er of mouse lines with 
particularly imeresting phenotypes, All stages will occur within the punriew of the KOMP except for the 
specialized phenotyping, which will occur in individual laboratories with particular expertise. 



mice will draw from ihc experience of reUted 
projects in the private sector and in acodermb^ 
which ha\T mode or phenotyp^ hundreds of 
knockout ntlcc using a variety of techniques. 
Lessons learned I^Din these pnjjccts tndude the 
need for redundancy at each step to mitigate 
pipdinc bottknccks and the need for robust 
inrormatict systems to track the production* 
analysis, maintenance and distribution of thou- 
&itxd& of larj^ng constructs, ES cdla and micc> 

NulUreporter alleles should be created 

The project should generate alleles that are 
as uniform as pouible* to allow cfHcicnt pro- 
duction and comparison of mouse pheno- 
types. The alleles should achieve a balance of 
utility, nexibility, throughput and cost A 
null allok ts an indispensable starring point 
for studying the function of every genc- 
Inserling a reporter gene (e.^, p-galactosi- 
dase or green fluorescent protein) allows a 
rapid assessment of which cell types nor- 
mally support the expression of that gene. 
Therefore, we propose to produce a nuil- 
reporter allele for each gene. Making each 
mutation conditional tn nature by adding 
cij-elcmenis {<.$„ hxP or FRT Ailes) would 



be desirable, but we do not advocate this as 
part of the mutagenesis strategy unless the 
technological limitations currently asscMji- 
ated with ^neratin^g conditional targeted 
mutations on a lai^e scale and in a cost- 
effective manner can be overcome. 

A combination of methods should be used 
Various methods can be used to create 
mutated alielest including gene targeting, 
gene trapping; and RNA interference. 
Advantage* of convention al gene targeting 
include ilextbiltty in <iesjgR of alleleii. lack of 
limitation to integration hot spots, reliability 
for producing complete los*-of'function alle- 
les, ability to produce reporter knock- in* and 
condirional alleles, and ability to target splice 
variants and alternative promoters. BAO 
based targeting has the potential advantages 
of higher recombination etHcienctes and Bex- 
ibiHty for producing complex mutated alle- 
les". Gene trapping is rapid, is cosl-efTeaivc 
and produ«» a larg< variety of insertional 
mutations throughout the genome but can be 
somewhat less flexible"*'*'^'. There is uncer- 
tainty regarding the percentage of gene traps 
that produce a true null allele and the fraction 



of the genome that can ulrimatety be covered 
by gene-trap mutations. Trapping is not 
entirely random but shows preference for 
larger transcription units and genes more 
highly expressed in ES cells. In recent studies, 
gene trapping was estimated to potentially 
produce null alleles for 50-60% of all genes, 
perhaps more if a variety of gene-trap vectors 
with different insertion characteristics is 
used'^*^'. RNA interference offers enormous 
promise for analysis of gene funaion in 
mice^^ but is rwt yet suflidentty developed for 
large-scale production of gene modifications 
capable of reliably producing true null alleles. 
Both gene-targeting and gene-trapping meth- 
ods are suitable for producing large numbers 
of knockout alleles and, given their oomplc- 
meutory advantages, a combination of these 
methods should be used to produce the 
genome- wide collection of niiil>repoiter alle- 
les most effiidently. 

What should the ddivcrables b«? 
A genome-wide knockout mouse project 
cotild deliver to the research conrniimity a 
trove of valuable reagents and data, induding 
targeting and trapping constructs and vec- 
tors, mutant ES cell lines, live mice, froren 
sperm, frozen embryos, phenotypic data at a 
variety of levels and detail; and a database 
with data visualisation arul mining tools. At a 
mintmunv we believe that a comprehensive 
genome -wide resource of mutant ES cell lines 
from an inbred strain, each with a diifcrent 
gene knodced out, should be produced and 
made available to the community. Chfiosing 
an inbred Une (129/SvEvTac or C57BL/6J), 
and evaluating the alternative of using ES 
cells and tetraploid aggregation to provide 
potential time savings, merits additional sci- 
entific review and discusston^-^, ES cells 
sliould be conwried into mice at a rate con- 
sistent with project funding and the ability of 
the worldwide scientific community to ana- 
lyze them. Although the value and coM-cffw:'' 
tiveness of systematically characterizing the 
mice is a matter of debate, a limited set of 
broad and cost-efTcciivc screens, prob^ly 
including assessment of developmental 
I^hality, physical examination, basic blood 
tests, and histochemical analysis of reporter 
gene expression, would be useful. More 
detailed phenotyping, based on findings 
from the initial screen or existing knowledge 
of the gene's function, could be done at spe- 
ciallred centers. All ES cell dones and mice 
{35 frocen embr}'os or sperm) diould be 
available to any researcher at minimal cost, 
and all mouse phenotyping and reporter 
expression dau should be deposited into a 
public database. 
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In determining how to implement the pro- 
jcct, utility to the research community ^anld 
be the staudard for jutting value Each sicp 
after ES <eU generation (t^,, mouse crcaUon, 
breedings expression analysiJ, phenotyping) 
will make ihc resource useful to more 
researcher* but wUl also increase costs arid sci- 
entific complcxily. We therefore advocate a 
'pyramid' structure for the project (Fig. 1). At 
the base of the pyramid is the genome- wide 
collection of mutant ES celb for every mouse 
gene. Over time, a subset of these mutant ES 
cells iliouUl be made into mice and character- 
tied with an initial phenotype screen (Tier I; 
Fig. I) and analyjis of tissue reporter-gene 
expression. A subset of these lines should be 
proftled by microarray anal^^ls, and a subset of 
these profiled by s>'stcm-spccific (Tier 2) phe- 
notyping, based on the rcsuks of the 'Her I 
phcnotypin^, array Studies, existing knowl- 
edge of the gene's function and the gene's tissue 
expression pattern. VVtth lime, the upper tiers 
of the pyramid will be GUcd out, cwntualJy 
transforming the pyramid into a cube, with 
information of all types available for all genes. 

Ttiis project will require the resolution of 
numeroujt intcUectual property daims involv- 
ing the production and use of knockout mice. 
To deal with the existing patents thai cover 
the tech oologies and processes involved tn the 
production of mutant micc» wc suggest that a 
'patent pool*, such as that used in the semi- 
conductor industry'*, should be generated, 
Sc%rral individuals who represent entities that 
control patents on mouse knockout technolo- 
gies are authors on this paper, and they agree 
with this approach. Wc also agree that any 
mutant ES cells or mice produced should be 
placed immediately in the public domain. 

Mechanisms artd costs 

ES cell production. Automated knockout 
construct and E5 cell production shoukJ be 
carried out in coordinated centers to ensure 
efficiency and uniformity. We estimate that 
most known mouse genes could be knocked 
out in ES cells within 5 )*cars, using a combina- 
tion of gene-trapping and gene-tai^eting tedi- 
niques. Gene trappit\g can produce a large 
number of mutated alleles quickly, but its 
progress should be monitored closely to deter- 
mine when its yield of new genes diminishes^' 
and. therefore, when targetirtg should be 
increasingly relied on. As large-scale trapping 
projects have already defined gene dasses that 
pr<^bly cannot be knocked out by trapping 
(e.jf.. singlc-exon CPCRs, genes that are not 
expressed in ES cells), we propose that target- 
ing begin on those dasses Irmncdiatdy. All ES 
cells should be made available to the research 
community, because this collection itsdf 



would be a valuable resource. Efforts in the 
public and private sectors havie already 
knocked out man)' genes in EScdIs. and, to the 
d^rw that the alleles produced 6t the pre- 
scribed characteristics {i.c., null alleles with a 
reporter) and are availabk. every effori should 
be made to incorporate these into the planned 
public resource. Costs for generating this part 
of the resource were estimated at between 
$9-1 1 million/year for Vtvc years (these and all 
subsequent figures are direct costs). 

Mouse productioiL The subset of H$ cells 
made into mice each year should be chosen by 
a peer-review process. Central facilities for 
high -efficiency mouse production, gcnotyp- 
ing, breeding, maintenance and archiving 
should be funded, to take advantage of efFi- 
dencics of scale in mouse creation and distri- 
bution. Kcseaichcrs could apply to produce 
groups of mice outside the centers, as long as 
they meet the cost specifications of the pro- 
gram. All mice should be made available 
inunediatdy to researchers as frozen embryos 
or ^perm, for nonunol distribution cost. An 
initial target of SOO new mouse lines per year 
would douHe the current rale at which new 
genes are knocked out in the public sector; wc 
fed that this rate is within the capadty of the 
biomedical research community worldwide 
to absorb and analyse. We estimated the ini- 
tial cost of this level of mouse produaion to 
be $ I Z, 5- 1 5 million per year. 

Reporter tissue expression analysis. 
Approximately M) tissues from adult and 
dcvdopmcntal stages should be sampled to 
cover the main organ systems. Anal)'sis meth- 
ods ^ould be customized to the organ system 
and marker, and a searchable database of the 
sites of gene expression, and the images show- 
UDg them, should be prodw^ Centers to 
carry out these analyses and data curation 
should be selected by peer review. We esti- 
mated the cost of this component for 500 
mouse lines to be $2.5-5 million per year, 
depending on how mudi tissue sectioning and 
ccU-levd analysis is done. 

Phenotyping, Tier I phenotyping should 
be a tow- cost screen for dear phcnotypes and 
should be done on all mouse lines produced. 
Tier I should indude home-cage oJbservaiion, 
physical examination, bbod hematokrgical 
and chemistry proGles, and skdetol radi- 
ographs. The centers producing the mice 
should carry out the Tier I analyses, at an esti- 
mated cost of S2.5 million per year for 500 
lines. Selected lines, chosen on the basis of 
findings from Tier I phenotyping. tissue 
expression patterns, microarray data and the 
sdentific literature, should undergo more 
detailed and system- focused Tier 2 phenotyp- 
ing. Tier 2 phenotyping should be done in 



specialized phenotyping centers, akin to those 
already in operation for phenotyping of mice 
produced by ENU muiagcnc^ AD Tier 1 and 
Tier 2 |>henotyping should be done on a uni* 
form g,eneitc back^und by dedicated groups 
of indihdduals in single locations, to facilitate 
consistency and aoss-comparison of results 
among difierent mouse lines. All Tier 1 and 
'Her 2 phenotyping results should be 
deposibxl into a central project database frcdy 
accessible to the research community. More 
detailed and specialized phctMtyping could be 
done b>* individual researchers in their own 
laboratories; deposition of this more detailed 
phenotype data would be encouraged 

Transcriptome analysis. Transcriptome 
profiling of tissues from each knockout line, 
collected in a uniform way across all mice and 
tisfrues and placed into a searchable relational 
database, would add substantially to the sci- 
entific value of the project, though it would 
also add considerably lo its cosl 
Transcriptome anal^sb sliould therefore be 
done on a subset of mice, chosen by peer 
review. Wc estimate that, with the best cur- 
rently available array technology, an analysis 
of ten tissues would cost -$ 18,000 per line. 

Conclusions 

This projea, temaUvdy named the Knockout 
Mouse Project (KOMP J, wiU be a crudal step 
in harnessing the power of the genome to 
drive biomedical discovery. By creating a 
publicly available resource of knockout mice 
and phenoiypic data, KOMP will knock 
down barriers for biologists to use mouse 
genetics in thdr research. The scientific con- 
sensus that we achieved — that a dedicated 
project should be undertaken lo produce 
mutant mice for all genes and place ihem 
into the public domain — is important but is 
only the beginning. Implementation of these 
recommendations will require additional 
input from the ^atcr scientific community, 
including those responsible for program- 
matic direction and financial support of bio- 
medical research in the puli^ic and private 
sectors. This ambitious and historic initiative 
must be carried out as a collaborative effort 
of the worldwide sdentific community, so 
that all can contribute thdr skills, and all can 
benefit. International discussions among sd- 
entific and programmatic staffs since the 
Banbury meeting at Cold Spring Harbor, in 
both the public and private sectors, have 
shown that there is great enthusiasm and 
commitment to this vision. The next step for 
KOMP will be to move this visionary plan 
from conccptualixation to implcmenution, 
with an urgency befitting the benefits it will 
bring to science and medicine. 
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COMMENTARY- 



URJU, Hie curetcJ Mou»c KtiockouT & Muution 
Datahaxe is avaiUble Ai http^/ research J)mn.com/ 
mk/nd/. The curatcd Mouse Ccnomc l>aut»» U 
available at http://www.in/ornDaiicf-lax.org/. fHttent 
fiooiy: A sdutim w tht problem cf atcess in bicuxh* 
noio^ poKiitsf 1% available ai hup:Wwww.tcipto. 
govy wrb/o fiires/pa&riJapp/opJjk/paientpod .pd 

1 . tnternaiiorut Human Cenome Se4u«H:int Cors&DftkjRn. 
AUom«Oa 860 ^iZl (2001 1. 

2. VentcrJ.C er«C $c«(Kv 291, 1304^1351 {200U 
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Special Topic Overview 

Interpretation of Phenotype in 
Genetically Engineered Mice 



Thoina.s Dootschman 

Background and Purpose: In mice, genetic engineering involves two general approaches— addition of an ex- 
ogenous gene, resulting in transgenic mice, and use of knockout mice, which have a targeted mutation of an 
endogenous gene. The advantages of these approaches is that questions can be asked about the function of a 
particular gene in a living mammalian organism, taking into account interactions among cells, tissues, and 
organs under normal, disease, injury, and stress si tuations. 

Methath: Review of the literature concentrating principally on knockout mice and questions of unexpected 
phenotypes, lack of phenotype, redundancy, and e^ect of genetic background on phenotype will be discussed. 

Conclusion: There Is little gene redundancy in mjammals; knockout phenotype:^ exist even if none are imme- 
diately apparent; and investigating phenot>'pes in colonies of mixed genetic background may reveal not only 
more pbenot3^es, but also may lead to bettor undeTstanding of the molecular or cellular mechanism underly- 
ing the phenotype and to discovery of modifier geiie(s). 



One often hears the comment that genetically engineered 
mice, especially knockout mice, are not iiseful because they 
fi^uently do not yield the expected phenotj'pe, or they dont 
seem to have any phenotype. These expectations ore often 
based on j'ears of work, and in some instances, thousands of 
publications of mostly in vitro studies. Examples of unex- 
pected phenotypes, based largely on experience with trans- 
formiag growth factor beta {Tgfb) and basic fibroblast 
growth factor C%/2) knockout and transgenic mice, will be 
presented to discuss possible reasons for unexpected Imock- 
out phenot>T3es. The conclusiodS will he that the knodtout 
pheaotjT)es do, in fsct^ provide accurate information coai- 
cerning gene function, that we should let the unexpected 
phenotypes lead us to the specific cell, tissue, organ culturCf 
and whole animal experiments that are relevant to the func- 
tion of the gm&s in question, and that the absence oFpheao' 
type indicates that we have not discovered where or how to 
look for a phenot>'pe. 

Before entering into how one should interpret unexpected 
knockout phenotypes and how one should deal with lack of 
Imockout phenotypes, it is nec^sary to give a brief introduc- 
tion into how laiockout mice arc made. For detailed informa- 
tion, Uie following rc\'iews are suggested (1-4). Transgenic 
tedinology has had a long history; thus, an introduction to 
that technology will not be given here. Rather, the following 
reviews are suggested (5, 6). At this junctuiti, it should be 
noted that, although transgenic vertebrates ranging from 
fish to bovids have been produced, knockout technology h-aa 
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to date been successful only in mice, even though embryoni* 
stem TES) cells have been produced from se^^eral other spe 
des, including hamster (7), rat (8), rabbit (9, 10), pig (11,-13) 
bovine {14, 15), and zcbrafish <16). Consequently, the entire 
discussion wHl be focused on roice. 

Knockout mice are generated by the iryection of geneti 
cally engineered or gene-targeted ES ceils into a mouse bias 
fcocyst to generate a chimeric embryo, which in turn can pasj 
on the engineered gene to its offspring. ES cell lines are ^ 
tablished from tlie inner cell mass of a mouse blastocyst, s< 
that when injected into blastocysts, the ES cells can incor 
porate into the inner cell mass of the recipient blastocysts 
thereby chime n zing them, Subsoqiicnt to transfer of the chi 
meric blastocysts into uteri of pseudopregnant mice^ chi 
meric mice are bom. If the germline of a chimeric mouse ii 
colonized by cells derived from Uie injected ES cells, the chi 
mera ie ternisd a "germline" chimera. Some of tlte ofT^prini 
of the germline chimeras will then carry the engineere( 
gene in their genomes. Gene targeting in ES cells usea thi 
ES cella* DNA repair apparatus to bring about homologou; 
recombiaation between an exogenous DN A fragment trans 
fectcd into the E-S cell and its homologous region in the ge 
nome. Homologous recombination usually results ix 
replacement of the endogenous region with tlie oxogenouj 
fragment, thereby altering the endogenous gene in ) 
prespecified manner. There are many variations on this pro 
cedure by which genes can be altered not only to ablate ftmc 
tion^ but also to make more suhtle mutations (17-19). Sucl 
procedures can he used to introduce point mutation*?, re 
move specific splicing produt^s, switch isoforms, and human 
ize genes. In addition, technology has recently beei 
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developed to make conditional and inducribk Imockouta in 
which gene function is ablated either in a developmentally 
sp^ified tissue (20-22) or in an inducible manner (23-26). 
These techniques, though exciting, will not be further dls- 
cu&sed. 

Extensive non redundancy in the TGl^ family: Scv* 
emi thousand cell culture studies on the tl>rGG mammaliaB 
transforming growth factor beta proteins (TGFps 1, 2» and 3) 
have implicated these ^wth and difTerentiation factors in 
iha function of nearly every cell type studied. Expression 
studies indicated unique and ovexlapping expression of tlie 
three TGF^s (27» 28). For examplo, overlapping protein local- 
ilsation was foiuid m all gut epitheha, all layers of the skin, all 
ttee iD\ifide t>T>es, kidney tubules, lung bronchi, cartilage, and 
bone d^blc 1). Ibgether with tlie fact that all three TGF^ sig- 
nal through a <5ommon TGF type-H receptor (Figure 1), these 
data strongly suggest considerable redundancy in function. 
Consaiuendy, it is smprising that^ of the >30 phenotypes of the 
three knockout mice that we have described (29-31), none 
appear to be overlapping (Thbie 2). Iliesa rosults indicate ex- 
tensive nonredundancy between TGFp ligands even thougli 
Uterc is considerable overlap in expression. Of course, tlieee r^ 
suits do not rule out tlie pa^ility of some redundancy in some 
tissual. Combinauon of the li^nd Imockouts would uncover 
such situations, and it is likely that a few wiU exists but 30 non- 
overlappiiig phenotypcs for three Ugands strongly suggests 
thai a vast number of their functions ai'c not redundant 

There ai-e several possible explanations for how there can 
be so much overlap in ligand expression and yet so much 
specific ligand function. First, I^GB^s are seci*eted as latent 
peptides and must be activated before they can bind recep- 
tors (32-35), The mechanism by which this extracellular 
processing occurs is not well understood and may be differ- 
ent for each TGF^. Henee, ligand processing presumably de- 
termines some functional specificity for the three TGFps. 
Second, there is a third type of TGFp receptor, TGF^R3, that 
can interact with ligand and receptor types I and II before 
cytoplasmic signaling can occur, though involvement of 
TGFPR3 is not essential for signaling (36-38). Association 
with tjTJe ni receptors is thought to enhance some TGFpRl 
and 2/ligand interactions. Upon hgand binding, the serine/ 
threonine receptor TGFpK2 Oien associates with and phos- 
phorylates the transmembrane serine/threonine receptor 
TGFpKl, which in turn initiates a phosphorylation-medi- 
ated signalkig cascade. Hence, combinatorial receptor/ligand 
interactions \>rill also determine functional speciBcity Third, 
signaling from TGF{3R1 can occur tluTOUgh two cytoplasmic 
signaling proteins called SMAD2 and 3 (39, 40) and, per- 
haps, through a third called SMAD5 (41). In addition, 
SMAi>6 and 7 can also interact with Uie otlier SMADs to in- 
hibit signaling (42-44). Hence, differential SMAD protein 
interactions with transcriptional machinery will probably 
also determine functional specificity for the three TGF]^ 
ligands. Finally, there may be RC!\'eral non-transcriptional 
signaling pathways for TGFps. For example, we have found 
thatTGFpi-deficient platelets from Tgfhl knockout mice 
have impaired platelet aggregation that can be restored by 
incubating isolated platelets with recombinant TGFjil (un- 
published observfitions). Because platelets do not have a 
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The tioSyclonal anlibodies used wcfttSpecifK for rcstduea 4-19 of TGFfil 
aad 2 and residues &-20 nf TGF^3. Theflvidm.foioliii sysUm waj used 
for stfiidiftfi Data E>l)tained fram immunohUtochemicnl study of Pel ton 
fll ill (251. HBpiT«1ut:^sd from neJwrmtofCcll Bhlosy, 1991,115.1091- 
1106, by copyright pormi^sitjii of The Hcwkcfcller University Press. 

nucleus, there must exist a signaling pathway that is 
nontranscriptionai In summary, given the comple?dUes of 
ligand processing, i-eceptor interactions, and signaling path- 
ways, it becomes clear why redundancy in TGF1» 2, and 3 
function has not been detected at the whole animal level, 
even though there is considerable overlap in expression of 
7^ gene family members. Gonsequently if other gene fami- 
lies function with similar eomplexityj it is likely that, in the 
final analysis, little functional redundancy will be found 
wi thi n gene faniilies . 

Two striking examples of apparent functional redundancy 
are worth considering. The first involves myogenic genea, 
and the Becond involves retinoic acid recepUirs, Contrary to 
early interpretations, redundancy does not now appear to be 
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Figure 1 . TGF^ signaling pathway. The TGFp Hgands, TGF^l i^M TQF^2 (^2), and TGF^3 (03), exist primarily in a laUint form in vivo 
nnd are activated hy mechanisms not yet clefir. In general, TGFp2 interacts with a TGF|3 type HI receptor (EIID before interaction with 
TCFj3 type IT (BIO and TQFp type I (RI) receptors; whereas, the TGFpi and TGF^3 li^ands can interact directly with the type II rcteptor. 
The iigand receptor cnmplexes can then ajssndate wifch severaJ c>'top!afimic molecules, famesyl protein transferase CFFT) and FK506 
binding protein-lS iFKBP-l2]i, being two potential examples. The reccptoj^ligand compleat signals to tlie nucleus through threonine/ 
serine phosphorylation of a geriea of SMAD prnteins (related to the Drosophila 'mothers against dccapantaplcgic^ protein > which then 
elicit tranacipttonal regulatian of extacellular mati-ix, cell cycle, clifTerontiation and growth factor receptor gienea. The roles of the associ* 
nted cyt;ap!a3mic mnlecules FPT aad FKBP-12 are not clear hut are thought to involve RAS patllv^ray signaling and modulation of signal- 
inf^ through the SMAD proteins. 



the case for two of the myogenic genes knov/n to be osscntial 
for spccificatiDn of vertebrate skeletal muscle, Myod and 
i^fyfS. Even though the individual knockouts have muscle, 
and only the mmbinetl knockouts do not have muscle (45), it 
is now clear that each gene functions in the specification of 
distinct muscle cell lineages. Consequently^ in the absence of 
one source of muscle celln, the other source may compensate 
for that (46, 47). This should bo termed developmental com- 
pensation, rather than gene redundancj'. On the other hand, 
w ith respect to retinoic acid r^eptors, there is also good evi- 
dexice for functional redundancy. Similar to the myogenic 
genes, retinoic add receptor gene knockout mice have few 
phenotypeg, whereas the combined knockoutB have many 
phenotypea (48, 49), WheUier this turns out to be gone re- 
dundancy or another case of developmental compenaatian 
remains to be determined. 



Lack of phenotype: As is the case for TGFp, there alao is 
a multitude of reports indicating tliat tlie FOFs I and 2 have 
in)portant roles in numerous cell t>rpes and tissues. Conse- 
quently, when tlie Fgf2 gene was knocked out by gene tai> 
getin^, it was quite surprising that there was no obvious 
phenot>^e (50). The Fgf^J'^^ animals live a long, healtliy life, 
and fertility and fecundity are normal. Even the pituitary 
gland, which is the best source of FGF2, appears not; to have 
morphologic ddkrta. The only evidence for any developmen- 
tal abnormalities is found in hematopoiesla (50), where 
blood platelet counts are high^ and in the cerebral cortex (51, 
52), where morphomotrio analysis reveals decreased cell 
density. Clearly, theeo abnormalities are minor, comparod 
with expectations. This was aJl the more e\^dent because our 
transgenic mice, in which the human FGF2 gene was ubiq- 
uitously over expressed by the phosphoglyceratG Icinase pro- 
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Table 2. Hciioverlopping phcnotypo of T^/bl . 2, and 3 kn^xikoui tnicn 
and the punetrance of those pbenotypctf 



Knockout ipouite phcnotypQ 



Penetrance 



Embryo lci3ialJtic& 

IVcimplajiUtion iDlhfility 
Yolk 50C lethality 

Multiftjcal tmtoimmuntcy 

Plafcckl dfif&ct 

Colun cani:Gr 

Failing hurtrt 
Tn(h3 (all perinatal btJialitiee ) 
Hearl dofecla 

Vuntricuiar sepcuxn defects 

Dual (mtiet; ri^ht ventricb 

DutsI InlBt Ica vfiotriclc 
Inner car dol'Rct— tacks fipiral iimhua 
Eyes 

Ocular hyptrrcsllularity 

Reduced cprtteal stromn 
IJrogfiJJitnl defects in kidis^y 

Dilaljed renal ixilvts 

ARUtieeiE (females only i 

Oterinehom ectopia 

ttesticular eclojsla 

lV;alis hypoplasia 

Vas dotcrena dyegenesis 
LuDg-poftwatal 

Dilated conducsmg nirvfays 

Ciillapscd bronchiolea 
SUelatftl dfifecte 

Owipitai bane 

PahQtal bone 

Si^uitmaua bono 

Palatine bane <dea palaU^ 

AlUphenoid bano 

Mandibular dftfccta 

Short radius tiad ulnu 

Miisins dtltnid tubtroaity and ilurd troi:httiiU!i 
Sternum nialfnrmatioos 

Hib fusions 
Spine bifido 
I perinatal Utthality) 

Clafl. palate ^ 

TeMo 3 for backeround dependency of T^/bi knocfcout phenotorpcs. 
•Described in references 64, 67. . . ^ , » u;-^t, 

• Krjfere to percentage penetrance aiuong onjmida thnl survive to Birui. 

DeiniU on the remainiae phenotypc* can be ft»und in the Uixt and ui *^f- 
Gxences 23-31, B3. 

tuoter (53). had ver>^ short legs, siiggestrng an important role 
of FGF2 in bone developmeat. yet the bones of the linockout 
animals were normal This apparent discrepancy between 
the traiiS^eaic a»a knockout mice iiidicates Uiat some other 
FGF signals through the same FGF receptor as does FGF2, 
and tliat this other FGF is the true Hgand that is important 
in bone dovclopment. AnoU^er possilnlity is that there is "de- 
velopmental compensation" by alternative mechanisms. In: 
other words, tlie absence of FaF2 may cause developmental 
flbnormatities during bone development that are then com- 
pensated for by another developmental patliway. This alter- 
native would not necessarily reqiiire a different FGF tn be 
involved- 

Ailer we had made our first analysis of the Fgf2 Knockout 
mouse and did not fmd an obvious phenotype. it was easy to 
ujcplain the "kick of phenotype" by invoking rcdmidancy be- 
cause there are at least 18 known Fgf genes. But in hind - 
sight, it now appears more likely that all members of this 
large'gene family have specific ivnctions^ even though they 
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signal through receptors encoded by only four i-cceptor ^enes 
(54). In Fgf^ knockout mice, evidence v;as not found for up- 
regulation of the two li^nda most structurally related to 
FGF2» namely. mFs 1 and 5 (50). Also, genetic combination 
of and FgfS (50) did not reveal redundancy between 
these similar genes. In addition, further analysis of the 
mice revealed roles being played in hematopoiesis and 
vascular tone control (50) aa well as in brain development 
and wound healing (51» 52). Finally, in addition to Fg^. 
Fgfs 3-5» 7. 3 also have been ablated by gene targeting, re- 
vealing functions in proliferation of the inner cell mass 
iFgf4) (55); gastrulatiou and cardiac, craniofacial, fore- 
brain, midbraia, and cerebellar development {FgfS} (56); 
brain find inner eai' development {Fgm (57, 58); and two 
aspects of hair development (Fgf^ and 7) (59, 60). ^Ib date, 
comparison of F^/* knockout phenotypeji from 6 of the 18 
/r^/ genes has not turned up overlap except possibly in the 
cerebellum. Together, these results indicate that each 
gene has important unique functions. AUhoiigh a few re- 
dundant functions may oventually be found on combina* 
tion of Fgp with all other Fgfs except it is clear thai 
6 of the 18 Fg/ genes studied by gene targeting have been 
associated with essentially unique knockout phcnotypes. 

It) summarize, whac oiiginally appeared as "lack of pheno- 
type" led many of us to the premature conclusion tltat other 
FGFs must have functions redundant to those of FGF2. 
However, further analysis o{Fgf2 knockout mice has since 
revealed a wealth of unique functions ranging from thromb- 
ocytosis and vascular tone control (50) to tn-ain development 
and wound healing (51, 52). It is my expectatiort that Rirther 
physiologic analysis of the FgfB knockout mouse v^all reveal 
functions in the hypertrophic response to hypertension and 
responses to ischemia/reperfusion iroury and bone injury In 
the final analysis, it is likely that Uie major roles of FGF2 
may have leas to do with getting ua to birth than with keep- 
ing us alive after birth, whereas several other FGFs clearly 
have developmental roles. 

Effects of genetic background on phenotj-pic varia- 
tion: From 100 years of mouse genetics, it has become clear 
that genetic background plays an important role in the sus- 
ceptibility of mice to many disorders. Therefore, the pheno- 
types of knockout mouse strains will also have genetic 
background dependencies, as was first documented by the 
Magnuson and Wagner grmiiis (61, 62). The Tgfhl knockout 
mice are an exceptional case in point (IVible 3). On a miscd 
(50:50) 129 x CFl background (CFl is a partially outbred 
strain), about ta\£o(TgfhI knockout mice die from a preim- 
plantation developmental defect (63). and the other half die 
of an autoinunune-like multifocal inflammatory disease at 
about weaning age (29). If the targeted Tgfhl allele is back- 
crossed onto a C5TBL/6 background, 99% of all knockout 
animals die of the preimplantation defect<63). Howe\*er, if a 
Tgfbl knockout allele is put onto a mixed 129 x NIH/Ola x 
C57BL/6 background, embi-yo lethality is observed during 
yolk sac development, not during preimpkmtation develop^ 
ment(64). With respect txi the multlfocid inflammatoo' dis- 
order of Tgfhl knockout mice, if the targeted allele is put 
onto a 129 x CFl mixed background (50:50), severe infiam- 
mation e>dBts only in the stomach (29); on the mixed 129 x 
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Table a. Background dct)endeaty ct 7)lt^t knockout phBnot>-pes 



Pl^ianotypg penotranco varioua eirams i%) 



129 X CFI 



12B X C5? 



1,2S X C3II 



C57 



120 



C3H 12&xC5?3cKIH/0]a 



Pi^implanUiUon Ittiiality SO ND 
Vol It sac lethality" 0 0 

Autoimmuno diEBOJSO 50 SO 

CuJitric innaiuiiiatloR 80** 20'" 

Inteatlna! inflanimntion D 70** 

Colon oinrcr* KD 



ND 
1^ 
50 
NO 
KD 
ND 



»0 
ND 
1 

ND 
ND 
ND 



ND 
ND 

ND 
ND 
100 



ND 
ND 
ND 
ND 
ND 
0 



0 

50 
50 
Nt) 
KD 
ND 



PerctJnlage of knockout uniroab of a ^vcn atmin ihist have the d^ignaet^ phcinDlypc. 
"-For demits, sec rd'eTcnccsW, 67. 

^'Appmxitnaltily iO'^ of animaJa with autoimmune djecasn have no detectablo gastrointi^Jiliftal tract m flam matjon 
'ijnpubliahed obscrvatioos. 
KD = not dsicrminctl. 



Nm/OKi X C57BU6 background, the intestines ai*e mflre se- 
verely InflamGd than is tlie stomach {65>. F^nall>^ on a pre- 
dominantly 129 background (129 x CFl; -97:3), Tgfbl 
knockout mice develop colon cancer if the inQamm«tory dis- 
order can be eliminated by other genetic manipulations that 
render the mice immunodeficient (unpublished observa- 
tions). However, on a predominancy C3H background, im- 
munodeficient Tgfhl luiockout mice do not develop colon 
cancer (66). These results Suggest that modifier genes exist 
that can significEUitly affect the function of TGFfil in pri^m- 
plantation development, yolk sac development, bowel and 
gastric inflammation, and colon tumor suppression. 
Progress toward localis^ing n modifier gene for the yolk sac 
developmental problem has been made (67,). 

What is the beat genetic background for knockout 
mice? Because background-dependent pheno^-pic variabil- 
ity v.'ill likely be found for most knockout mice, it vdll be use- 
fui to backcross a targeted allele onto several mouse 
backgrounds to make congenic strains. In tliis s^tion, it w\V\ 
be argued that putting a targeted allele on a mixed sts-ain 
background will also provide uyefu! information. This is not 
to say tliat congenic Btraina arc not usciul, Rathor, the point 
to be made hare is that there also are benefit to looldng at 
nui:ed strain backgrounds. Again, our experience with Tgfb 
knockout mice will be instructive. 

Generating homozygous mutant knockout aninmls on a 
mi:md genetic background is faster. T\ic ES cells are nearly 
alv/ays from a 129 strain, and the blastocysts into which the 
targeted ES cells aro injected are nearly always CS7BL/S. 
For reasons unknown, this is a good combination for estab^ 
lishing gcrmline transmission of the injected ES cells. Th« 
resuUmg chimeras can then be crossed wiUi any strain dc:- 
sired, but 129, C57BL/6, or Black Swiss mice are most often 
used, and CFl mice were used in the case of our Tgfh ^ 
knockout mice. Heterozygous offspring from this crossing 
will then be inbred 129 or Fl hybrids of 129 and ono of the 
other strains. Clearly then, the quickest route to ha\dng the 
knockout allele on an inbred strain is through 129. For the 
other strains several generations of backcro.5sing is re- 
quired, which can take well over a year. Unfortunately, 
strain-129 mice have low fertility and fecundity. Conse- 
quently, the number of offspring per litter is uisually fewer 
than six, ^Mthough 129 x C57BL/6 hybrids aro more robust, 
upon backcrossing onto C57BL/6, litter size decreases, 'Db 
the contrar>', the Black Swiss and CFl strainB are robust, 
and litter size often is in excess of 12. The reason for this i^ 
probably because they ai*e not truly inbred strains, bat 



rather are partmlly outbred through random breeding 
within their i-espective stniins. Therefore, one of the choices 
one has is to stay with ''pure" genetics at the expense of a 
lower production raio and considerable delay before genera- 
tion of experimental animals, or sacrifice some genetic pu- 
rity to obtain a more eflicient productioii colony Ideally, one 
would want to do both, but this often is too expensive. 

Mixed genetic background knockout mice often have a 
wider rai^e of phenoiyfxes. The Tgfhl knockout mice back- 
crossed onto either the 129 or C57BL/6 background 
(congenics) yield only embryo lethality (63, unpublished ob- 
servations). On the other hand, when tlia loaockout allele is 
maintained on mixed genetic backgrounds, embryo and 
adult phenotypes aiNB maintained. 

The Tgfb2 & Tgfb3 knockout mice provide furth&r ex- 
amples. The 73§f/I»2 knockout mice hsva more than two dozen 
congenital defects and die either immediately preceding or 
during birth, or within 2 h thereafter (50). Thble 2 indicates 
that most of the phenotypes are only partially penetrant. 
Though it is not documented, it is Kkely that tho penetrance 
of some of these phen ot>T3e$ would ina-ease to nearly 100%, 
and some of the othei' phenotypes would disappear were we 
to put the T§P)2 knockout allele on inbred backgrounds. 
Henco, the mixed strain background probably provided more 
information than would congenic strains. 

The Tgfh3 knockout mice have a cleft palate (31). One 
colony oTTgfbS knockout mice was loft as a mixed back- 
ground {129 X CFl; 50:50) strain, whereas another colony 
was backci-a^ised scvei-al generations to the Cr>7BIV6 strain. 
These two colonies had considerable expressivity differ- 
ences; the inbred colony had more severe ciefling than did 
the mixed background colony In the latter, expressivity of 
clefting varied wiAely from animal to animal. This variabU 
expressivity v/ithin the mixed bacl?ground colony provided 
us with the oi*portunity to obtain far more data on develop- 
ment of the cleft palate and was, tlierefore, more useful for 
making assumptions about the cellular and molecular 
mechanisms by which TGF(i3 supports palate fusion. Hence, 
using the Tgfb3 knockout mice, the mixed sci-ain background 
provided more information than did the congenic strain- 
Consequently, a wider range of penetrance and expressivity 
of phenotype is a migor advantage of investigating knockout 
phenotypes in mixed background colonies. Further, variable 
penetrance of phenotype in a mixed background colony sng- 
geats that there are modifier genes for each phenotype that 
could be obtained by linkage studies. 
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Conclusions 

Questions have been addressed that arose from JJie last 8 
years in wiiich knockout mice have been investigated to ona- 
\yzQ gene function at the wtiole animal level These questions 
canceiTi gene redundanc>; apparent lack of phenotype in a sur- 
prising number of Imockout strains, and etTects of genetic back- 
ground on knockout phenatype. Using data obtained 
principally from Tgfh and F^/knockout mitje, it is a^pied that 
there is probably'lHtle redundancy in the gei>ome ae., that few 
genes are dispensable for sundval of the species). Apparent 
laclt of phenotyptJ moi-e likely reflects our inability to ask the 
right questions, or our lack of tools to answer tlieni, than it does 
a true lack of function. Finally, discussion of genetic back- 
gi-ound phenotype variability, including variable penetrance 
und GxpressTvity, was used Co present some of t3\e advantages of 
working with muted genetic badtground colonieii of knockout 
mice. For all the examples given here, there are counter ex- 
amplt^ that must be taken seriously; consequently; these ai*gu- 
ments must not be taken as absolutes. For example, if a gene in 
a particulai* mouse 6Ci-ain lias recently been duplicated^ it will 
most mf ely be rodundant. If one is studjHng tissue rejection in 
a knockout aiouse, the genetic background obviously must be 
well defined and preferably inbred. On if one wants to use Uie 
susceptibility of a particular mouse strain to cancer to investi- 
gate the ftmction of the knockout gene in progi^ession of that 
cancer, the Imodtout allele must be put on that mouse straiii. 
In ^leraL, however, when setting up approaelics for investigat- 
ing a nev/ gene knockout mouse, I believe one would be well 
advised to asBume tliat: there is little gene redxmdancy in 
mammals; Utere arc knockout phenotj-pes even if none arc im- 
mediately apparent; and investigating phenotypes in mixed 
genetic background colonies may not only revefd more pheno- 
types, but may lead bo better understanding of the molecular or 
cellular mechanism underlying th6 phenotype, and may lead to 
motlifter gene discovery'. 
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^' sffenic Pbnts Are Important for Both Cell 
g^^andAgncukurc 

a pt^* dfunfigied. ir can o^ten r^air itscU by a process 
^^rtfitia**^ ceils Mediffcjcntiate^' pruUfeiate. and then tei 
^rctrl O'pc*. In some circtinisiancei! rM diedtffercniid ted ccUs can cv-cn form 
ffficAl iiicrisliftm, which C4in then givo rise to an entire new plant, Inducting 
^Zsfis, Ws rcmarkobU? plasticity of plant ceJts can \ye eKploUed lo genetatc 
^^Piric plan^** e^rowing in culture. 

*^^Jt3eii a piece or plant tissue is cultured in a st«dle mediutn containing 
^jj4cnts ai^d appn^ptUite grov^tii regulators, tniiny of die ceUs are stimulated to 
iStflt^ indefinitely in a disorganized manner, producing a nws of rdativdy 
^iilfcfeniiaied cells called 3 callus. If the nutirienis and grwMh regulators an? 
rttffiiliy tnani^uiattHl, one can induce the fortnatian off a shoot and then root 
jpiial meristems uithin the callus, and. in many specUi^. a whole twni' plant can 
tj^i^g«icJated. 

(ihis cultures can also be mechanically dissociated hito single cells, wtiich 
grow mid divide as a suspension culture. In sttveral plants— induding 
tobscco. petunia, canot, potato. undArabidopsis—^ sin^e cell from such a sits- 
p^n culture can be gtown into a small clump (a dome) from which a whole 
ptaUcan be regcf>etnted. Sitch 0 cell, wtiicli has (he abilltj^ to give rise to all pans 
oftjjeorgantvm. Is consuicred totipotent, f ust as mutant mice can be derived by 
gjntflic manlputarion of embryonic stem cdts in ctdturc, so transgenic plants 
can be created from single totipotent plant ccUs transfccted with DNA In culttue 

Tbi; abiJit)* to produce transgenic plants hdS greatly w:clcjHted progress in 
tasi^ areas of plant ^ell bioloyy. It luis had an important role, for example. \n is<>» 
^Etng re^f^ptors for groivlh regulators and in anal>*zing the mechacil^ims of cnor- 
jfcogcnc^is and of gene expression in plants. It h?i$ ii)s«> Opened up many new 
possibiiticit to agriculmre that could henetu both the farmer and the consumer 
Ii [123 made it posstihle. for «^jC;Ufiple^ to modify the lipid* starch* and proi^ttt fttor* 
i{p reserved in seeds, to impurt pest and virus rosbtanca to plants, and to create 
modaed plants that tolerate extreme hahiiai^i $«ch as JKilt marshes or water- 

Maiiyof Uic major ad^rances in understanding animal dwelopment have 
tttmr feom studies on the fruit fly Dmsophtla and the nematode worm 
^^omxhMiits d&gam, wliich arc amenable to extensK'e gieneiic analysis as well 
telDoperliitentai manipulation. Progress In plain developmental biology has, 
tn the past, been re{ativ<4y slow by comparison. Many of the plants that hav^ 
pnwed most amenable to gencuc analysis — ^such as matze and tomato— have 
kogOfc o'cles t*nd very laige genomes, making both classical and molecular 
8a»dc aaiahvsis lime-consuming. Increasing attention is consequently beit^g 
Nil to a fast -growing small wccd» the common wiD cress (Antbidopsis 
mkna), yvhlch has several major advaniuge* as a "roadcl plant^ (see Figure 
am) 2i-IOfrt, The teliiiivt^y small Ambidopsis genome the tet plant 
PKinie to he completely sequenced. 




Flgtire ^71 Mouso with im 
«fi£tno«r«d delK»a In{a»rtibtzst 
Sirwth factor S (FCFS). FGFS b k 
nogachw n^tor d h*ir fcrmatiorL tn a 
moii$« ladkir^ FGFS {/i^, die hair is bng 
cornpireiiwi* Its \mn^xfii>ii% 
(kfi^Tf^rai^ic mtU with phenocgrpes 
ihit nwmic aspcea oS a vartecy of humim 

ath«ni«derc»^.dQbetes,^stic flbroti^, 
md some typo of csf>C4r». fWfH 
t«n«r«tetK Their wurfy may lead to the 
developntenit of mora cffcct^vs fir«um«ntt, 
{CcOf tw/ <rf Gail Hartm. from J.K Kebert 
hi. CcT 76:1017*1025. imtDSHo^,) 



^ge Collections of Tagged Knockouts Provide a Tool for 
wamintng the Function of Every Gene in an Organism 



mu^^^''^*'"^^^''^ efTons are underway to generate comprehensive Ubrariei 
^j^^^^'ions in several model organisms, including 5. cewvisiae. C elegans, 
^ ^"^'^^bidop^is, and the n^ouse/Ilic ulltmiitc aiiai in each case b to pio- 
rtOift'i^^^'^" mutant struttis in which every gene tn the organism has 
°«^f> sy^teanaticaUy deleted, or altered such that it can be oondiUonally 
a^gj^'^'^^'^ttons of this type will provide an involuoblc tool for invesrlgat- 



"Ihttt^ u« TTiMvai *u»i-*jr III 111^ vi|jui»3iu iiaa 

^y^*^JRaticjaUy deleted, or altered such that it can be oondiUonally 
of this type will provide an invaluoblc tool for invesrigat- 
*^iiisiiS****^^'°" «>n a genonnc scale. In some cases, each of liie individual 
I ^^'i^' sport a distirwn tnoiecular tag—a unique DNA 

In ^^^^ Identification of the altered gene rapid and routine. 
' ^f^ifisioi*^ the task of generating a ^et of GOOO mutants, each missing 

^'^^GaKE eXRHl'SSrOX'* AND BJNCriON 
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SOS CHAPtER 17 



whkJi exogcnou.5 PNA is introduced fwm a bacterium 
mio a host cell The medianiKm resembles that of bac- 
terial conjugation. Expression of the bacterial DNA Ln 
its new host changes the phtnotyp^ of the cell. In the 
example of the bacterium Agroimct^rium hmiefachns, 
the result is to induce tunmr formatioji by an infected 
plant cell. 

Alterations in the relative proportions of compo- 
Jients of the genome during Somatic development 
occur to allow insect lame to incmse the nutttbcr of 
copies of certain ^cs. And the occasional ampli^ca- 
lion of genes in cultured mammaEan cells is indicated 
hy our ability ro select variant cells with aft increased 
copy number of s^me genes. Initiated withiii the 
eenome, the antpljfjcatioft event can create additional 
copies of a gene that surv-ive in either intrachromoso- 
or exinichromosorml form. 

V\aien extraneous DNA is introduced into e*ifcar>'^ 
ottc cells, it niiiy gi^-e rise to cxtrachromosomaf fornts 
or maybe integrated into the genome. Ttte relationship 
betHiccn ibc cxtrachromosoreiaJ and genomic forms is 
irregular, depend ing on chance and to some degrw: un^ 
predirtable evimts. rather than resembling the jugular 
uuerchange bct%.^€n free and integrated forms of bac- 
terial pla^m ids. 



Yet. however accompli^^hed, the process may lead lo 
suable change in the genome; fallowing its iiijcctio 
iJito anioiai eggs, DHA may evrn be incorporated into 
the genome and inherited thereafter as a norm^d ^oiti 
poitent. sometimes: continuing to function. Injected 
DNA may enter the germline as %>«5I as the soma, ere*? 
mg a transgenic animal. The ability lo tntmduce sp* 
ciftc gcnci that function in an appropriate maiinti 
could become a major medical technique tor curint 
genetic diseases. * 
The converse of the introduction of new genes is 
the ability to disrupt sf>edec endogenous genes 
Addilional DNA can be introduced within a gene to 
prevent its expression and to generate a nuU allde 
Breeding from an animal with a nuD allele caji generate 
a homozygous "biocfeout* which has no active copy of 
the gene. This is a powerful method to investigate di* 
rcctly the importance and function of a gene. 

Ckjnsiderable luanipulation of DNA sequences 
therefore i* achieved both in aiJthentic situatbn* and 
by experimental fiat. We are only just beginning to 
workout the mechanisms that permit theceU to re- 
spond to selective prcssune by changing it$ bank of se- 
quences or that alloH' it to accommodate the intrusion 
ofadditional sequences* 



The mating pathway is triggered by signal 
transduction 



npuE yeast S, cffmmiae c^n propa^te happily in ci- 
X thcr the hapioid or diploid condition. Conversion 
beti^-een these states take^ place by mating (fusion of 
hapbid spores to give a diploid) and by sponilation 
( rnciosis of diploids lo give haploid spores). The a bi tiJy 
to cng;ige in these activities is determined by the mat- 
ing type of the strain, 

't he properties of the two mating types arc 5«m- 
marixai in Figure 17.1, We may view lliera as rcst^ 
mg on the Celcological pro|x>sition that there is no 
pomt m mating ludcss (he haptoids are of different 
genetic t>'p€5; and sporuiatiou is productive only 
^vhen tlie diploid is heteros?ygous atKl thus can ccii. 
eratc recombinants. 

The mating t>'pe of a (hapioid) cell is determitted by 
the genetic information present at the MATloctis Cells 
tloai carry the Af^Ttf allele at this locus are type a- like- 



wse, oelb that carry the MATa allele are type OL Celis 
of opposite type a»n mate; cells of the same type 
Cannot. 

Recognition of cells of opposite njating type is 
Flgtimo 17.1 Mating type controls several activlttes. 



Ceffitype a 
Spofulation ho 

Pheromone ft factor 



a 

no 

a factor 



a/a 
no 
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none 
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Preface 



Over rtic pasi leti years it hius became possible io mMc csscntiaUy any muta- 
lioti in Uic geniilinc of mkx by utilizing rccOmNnation and erabrycmic stem 
(ES> ocUs, Hcmvaloeous re(;ainhinatioD wben applied lo altering specific 
tjndogenoifi; genes, refcired to as gene targetirtg, provides ihe highest level oi 
conixoi over producing tiiutalions in cloned When, ibis is combined wilb 
site specific Tecombirtuuon, a wide range of mutattom can be produced. ES cell 
lines arc remarkable since after beiii|i Ciiablishcd frum » blastocyst, ihcy can 
be cultured and manipulated relatively ea»iy in vitro and still maintiiin Ujcir 
ability lo siiep back into a iKHmal devclopmenlal program when returned to a 
pTc-impUntatian embryo. With the cxpotl'ential incrcme In the number of 
gcne-^ ideal ificd by vatiotus genome projects and genetic ascreei«, it has bcc?<3ra<t 
imperatiw that cindetU methods b*i developed for determining gene function. 
C^nc targeting in E&cclb oilers « powerful approadi to study gene function in 
a mammalian organism^ C^m trap approaciies in cells, in paiiicular when 
they urv combined wilb !?<)pbtsiicatcd prestcreeas, <^fcr ncl only a route to gene 
disOf^vcry, but a!iM> lo gain information on gcftc !ie<|««iice, expression and 
mutant phcnoiype. . • - v 

The baste technology necessary for making designer mutatbtis m nnoe has 
become widespread and researchers who hav^ iiaditiornally used cell biology 
or molecular experiments arc adding gene targeting techniques to their rcpcr- 
loLre of expcrimial approaches. A second edition of this book was written for 
\wo main reasons. The first was to update previously described techniques and 
to add new lechniques that hiwe greatly expanded the ty|>cs of mutatiotis that 
can be made using recombination in ES octls. A ch^tcr in this new edition 
describes the den^ and use of site spcdtic recomtenalion fior gene targcdr^ 
apiimachcs and prckiueiion of comdiiional rautaticns. llie secofvd reason for 
the new book w^is to provide » more in depth discussion of the cxpcrimeuta! 
design ainsiderations thai are critical to a successful gene targeting study and 
lo add approaches for unal>*xing mutant phenfrtyj^Ss the rttt^si interesting 
piirl of an cxpcrimcnL Gene targeting experiments should be designed to 
go far beyond just niaking a mutani mouse. The stwxess of a gene targeting 
experiment no longer lies in ibc making of the mut^ition, but depends on Ihe 
imaginative and insightful analysis of tttc mutani phenatj-pcs that the mutauon 
provides. A chapter in this etfition dcscribeit the use of classical genetics in 
c*^mbioation with geifcfi targeting to gel the most out of 4* ger>etic approach to u 
biological qucislioii' 

The nature of in vivo gene targeting studies of gene function are such that 
critical design decisions must l3C made at e\-ery step in the experiment, and 
cadt decision can have a ma>or impact on the value oi the Lnformation 
obtained. From the start, the type of mutation to be mudc must be considered 
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Preface , 

'i 

cafcfiUly- AMicrcas 10 years ago most mumiioms were dejst^ned to create null ; j 
muiatkms md were therefore relatively simple to desiga, at present, a nui! 
mutation is only one of a long li^t ot mutations that can be made, each provid- 
ing dlffcrcfit insi^l into the ftihciion of a gene. Point mutations, large dele- 
tions, gene cxchiingcs (ktioek-jfks) and conditional mutations are but a few of 
iht choice*? mc faces at the start of a gene cargeiiag exp«timeiit. The mxi 
choice Ls the source of DN A for Ihc targetidg eacpenmeiil atid BS cell line. ti> be 
used for the manipulations. Onoe tJie mutant ES cell cloms has been obtained, 
there arc then a number of aliemative approaches that can be used to make 

cell chimeras that depend <m the ES cell time which was used. Finally, and 
most Impaftimtly, is the analysis of any piienoiypc that arises. This second 
addition dl«;c^is^ techniques used to analyze eniilaiil mice, r^^ngmg from stun- 
dard descriptive evaluation, to a chimerti analysis Of campUcated breeding 
cxpertmcnis lhai tiiili2e double muinai«. K mice are $imply onsidcrcd as a 
*bug of cells' or an iii vivo source of $ele!Cicd cell types, ihcn the tremendous 
rtsOLiice which inice oflfer as a model organtsnftt is not being realized. The Hfc of 
A iwmm represents a continuum of dynamic processes, induding pattern for- 
mation, OTg^n development learning, homeosUisis and disease^ By making 
^nctic alterations in mice lamg gene targeliiag iknd ES oelts» the effects of a 
given chan^ can be Studied in the contexi of tt»e whole organfem. 

My ^1 in editing thia hook was to provide nk laanual that could take a new- 
comer to the exciting field of gene targeting and mutant analysis in mice from a 
cloned gene to a basic understanding of the genetic approaches available usin^; 
ES cells^ miX howe^uh technique can be used lo design n pflrtictitar in vivo lest 
of gefte function. The hook should al^ provide a valuable bench S3dc resource 
for anyone carrying out gene targeting or gcaic trap experiments, a chimera 
analysis or ciassica! genetic approaches. I would ooce again like to extend 
many thanks and my deepest appreciation to aJl the authors for their great 
eftt->m in Including detailed protocols arid |-ucid dl^ssions of the various 
approaches presented. 1 would also like to thank my family for their strong 
support and laboratory members past and present for helping to make gene 
targeting a reality, Finally, since many of the techniques use mice, the experi- 
ment should be citrried out in accordance with locid regulations. 

New York, NY A.L J. 
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Gene targeting, principles, and 
practice in mammalian cells 

PAUL HASTY, ALEJANDRO ABUIN, nn<t AM^AN BRADI.IiY 



1, IntToduclion 

Whtn a fragment of genomic DN A is blroduccd into a raaJiiTnaltan cell it cun 
locate and rccombinc wiih ihd endogenous homologous Sequences. T!ii& typO 
iif hamoitjgotw; r«cc>mbinaciotx, tetiowri as g^m liLfgetift^ h the subject of this 
chapter. Gene ui toting has bceu widely used, poftLctUady m mouse em- 
br>*dijk; Stem (ES) celts, to mate a variety of mufiatioits in many different loci 
so llmt the phecotypk consequences of specific genetic modifications can be 
assessed in the organism. 

The first ^xp^rim^nial ^vidctige kti the occuttei^cc of gc«c latgcmg in 
mainjfiidian cells was made using a fibroblast cell line with a selectable 
artificial locfus by Lin et al (I), and was subsequently demonstrated lo occur at 
the endogenous ^^obin g*me by Scnilhie^ tinL xn cryihrolcukaeraisi cells (2). 
In general, the frc-^Ocncies of g^ne tJii^efing id mutniruilian c^Us relatively 
low' cutmp;ir*;d to j^east t:cll$ And this t% fn-ob^ihly ^cbted to, at legist in pari, a 
otjnipcting pathway: efficient rnief^ration of the iransfcctcd DNA into a ran- 
dom ctirQaiQfiomai ate. Tlic relative ratio of targeted to raadvm laiegraUon 
events win determine the case with which targeted doncs are identified in a 
p^nt \^rgmm% e^ijeriineni. litis eJii^pie r details sispe^^DS of vectof wbicb 
can dfctcfn«tic the efficiency of rcoomhinaiion, the type of mutation that may 
be gcncfalcd in the tar^t locus, as weU as the sclccitoo and screening 
Siraiegies which can be used to iclcniify clones of ES cells with the desired 
tariteted tdociitoiion. Since liie most comiiKm. ex^perinienial strategy is to 
ablate the fujscUoo of a laffeet gene {null t4kk^ by Iniroduciiig tx selectable 
marker gene, wc initially describe the vectors and the selection schemes which 
!^T^ helpful in the identification of rccombinami doncs (Jkctions 2-5). In 
Section 6. we describe the vectors and ^ditioraal considerations for gener- 
ating subtle mutations in a target kKUs devoid of any exogenous jjcciueiKes. 
Finally, Seaion t is dedicated to the itse of ^ne largeling as d method to 
express exogeiKnis genes from sjieciftc ettdogcnous rcgulciiory elements in 
vivo, also known as "knock-in* siriitegies. 
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J." Gene tar^cting^ ptinciphs^ and pp&clica in mummalkit^ i^!ts 
enrich poputalions of iransfecicd ocUs for larg^led integration cvcnis (Section 
4^2.1)- 

2.1 Design considerations of a replacement v^tor 

r\w principal consideration In the design of a rcpUicemcnt vector, i» Uic type 
of mutation generated. Secondary (yet stiU importflnt) considerations relate 
lo the selection sdicmc and screening tccJjn^ques required to isolate the re- 
combinant clouts. The recorobinanl allele generated by replacement vectors 
typkaity have a election cassette inserted imo a coding e;J(Cfi or replacing part 
i>f ihc kicus. ft is important to consider that, exon tntemsptkins and small 
dcJctioas will not ncccss.irily ablate the funclbn of ihc target gem? to generate 
a nuJI allele. Consequently, it is necessary to contimi that the allele which has 
btscn generated is null by RNA and/or fwotein anat>^i:j and in many cases 
transcripts and truncated proieias from ijuch a mutant allele eait be detected- 
Considering th^t products from the mutated locus may have aon»c funcimn 
(normal or abnormal) it is important to design « rcplaoeracnt vcclor sd that 
tl»c targeted allele is nulK particularly in the absence of a good assAy tot the 
£cnc producL Disruption or deletion of the coding sequence by the ixxsitivc 
selection marker will in mo&t instances ablate a gene's function. However in 
some situatioRS a truncated protein may be generate*! which retains sOTite 
biological aclivit>\ thus some kuoN^'ledge of mutations if* a related gene irt 
another organ Uni can be helpful in the detcrmiiuilion of the possible function 
of ;i i:irgcicd allele. Null alleles are more lifcely to occur by deleting or 
Tccombining o selection ca^ttc into more 5' cxons riilher than exoa'v that 
encode the C-tcrminus of the protein, since uiuier these circumstunceji 
nnnim:il portions of the wild-iypc polypeptide ^KHild be made. 

There arc several coiisidc rations to take into account wlien a positive 
selection marker is to be inserted into an exon. One criltcal consideration is 
I that wnee ihc Icn^ih of an cxon ^Aft ifiRucnc^ I^A spltdtig (3), an artificially 
I br^ cxon caused by the insertion of a selectable marker may not be 
1 cecognixcd by the splicing rtuchinery and could be skipped, thus, ti^n^pts 
I initiated from tlic endogenous promoter may delete the mutated exon from 
I iHe raRNA Species or even addili<ntnl ejcons. it a skipped exon is a csoding 
I cxon whcrse nucleotide length k not a mulUpIc of three (codon) the net re* uU 
t will be both a deletion a frame-shift mut4i1k>ti of the gene, whieh will 
I often generate a null allele. However, if the disrupted coding ex<m has a 
I inicleolide lengih whidi is a muldple of (lifcc, if spliced out, this would result 
I in a ptoieiti with a smaU in-frame deletion which may retiiin partial or oom- 
f^etc fui>etton- The same ooncepi UppKcs to gene targeting vectors in which 
1 exons arc being deleted and replaced by the selectable ituirkcr. Deletion of an 
1 exon or group of exons with a unit number of ccidons may also result in a 
\ fMiicliiwial protein pnxltia with an in-framc deletion. For most purposes it Is 
3 advisjible to deleie portions or all of tlw target &cr«r. so thai the genetic 
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Production of targeted embryonic 
stem cell clones 

MICHABL P. MATISH, WQJTEK A.UERBACH 4dd ALEXANDRA U 
JOYNER 

1. Introduction 

The discovery that cloned DNA ifitri>Jiicctl into lissDc culture cells CAti 
undergo homologous rccombln&tlon .it ^^t^iflc chTomosomai lod has 
nsVOtAHlortilKed our ability to slirdy ^cnc function in c«ll cull lire and irt vivo. In 
iUory, rhis techrti<|ti^* icnncd gene taigctln^ allov.'s one to generate any type 
of mutation in any cknied gert«. 'Die kinds of mutation^ (hat dkti be created 
include null mutations, pom routalions, deletions of spedflc fuivctionul 
dC'mains. exchanges of functional di^in^tins from related genes, and gairt^of* 
function mutations in v^liich cxo|tertous cDNA sequences arc inserted 
adjacent to endogenous regulatory sequences- lit prineiple. such specific 
genetic altemtbonj; can b« iniuie in any cell line gro^^-in^ in culture. However, 
itot all cell types can be maiittaitied in culture under the conditions iiccsts^ry 
for transfcctton and selection. Ovef teu y^\r$ ngo^ pturipotcnt cmbr)'onic 
stem <ES) cells derived from «hc inner cell ma^R (TCM) mouse btastocyst 
stage cmbr><cxs: vveie i$<ilat£:<S and conditions defined for their pmpogittion and 
raaintenanec in culture (1,2), ES cells rescmbb I CM c^lls in many r'€^>cct;s> 
Dodudirig their ability to csontributc to all embryonie tii^ucs in ciiimcric mice. 
Using stringent cutiure conditions, the crabn'onic devekigirflental potential of 
ES cells can be maintained following genelk manipulationii and after many 
pssagcs in vitto. Fuitliernnore, perroancnt mouse lines eairyinggetiettc altcr^ 
aiions introduced into ES oeils can be obtained by transmitting the niutaiion 
iJirougH the gcrmline by generating cell chimeras (described in Chapter 4 
and 5). Thus, applying gene targeting technology to ES cells in culture affords 
rc5carch(irs the opporl unity to modify' cndogenOM* genes and study their 
fuiKtion itt i'ivo. In initial studies, one of the main challcai^es of g<;ne targeting 
wi^s to distinguish the rare homologous rccorabrnation events firon^ moiitf com* 
monly occurring random intcgratioits (dijscusMjd in Chapter 1). HoA^-cver, 
advances in cell culture and in selection scheines* in vecJtor construction using 
isogenic DKA, and in the application of rapid Mreening procedures have 
made it possible to identify homologous recombination events efficiently. 
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Preface 



Targeied mutation of genes cjcprcsscd tti tU ncn-ous system is an exciting iww f^scafdi 
field that is forging a rcmariuibSe amailgam of molecular genetics and h^iavioral ncuro- 
4M;ie:i^c. My laboratory in Betoda has been the fortunate rcciffieriE of visiw froin many 
inoUcular geneticists owr 4he pas! five years, wiio corac to lusk, ** What*St wrong with nry 
mouse? Can ywi t«ll us what behaviors: are abnonnal In null mutants? And Iwmv do you 
measure bdsa^nor, anyway?"* 

\\^ have bad some remarkable opportunities <aco!lal*>mt« with outstanding molecular 
gcneddstt in the National InatttutcB of HeaiOi Inttamural Research Program and tlnougli- 
out ^ wttrld aft iEivcsagaiio w of the behufviafal effects of tnutatioxis in genes €xpn«^e4 iti 
ibe moose brain. Each of these coHabnraticms has been a Icaming otpcrience, increasing 
our undcKitewiing of the optimjil cxperimeatal dcsipi for analj^dng behavioral pheoot>T>cs 
of mutant micc> W^at are the beit tests to address each specir»c hypothesis? Which meth- 
ods work bcsFt for mice? Which tat tasks can be adapted ^ mice? What are tfw cosrrect con- 
tiols7 What are the hidden pitfalls, tutting artifacts, fbisc positi\^s. and false negatives? 
Which statUnicitl tesM are most scnsit3^r hi detection of iho genotype effect? Whol is the 
mbimum rvmsibcr of animab ncc<;ssary for each geiwtype, gender, and age? Our iabaraWiy' 
and majjy oihcis arc gradually working cnn the b«t methods for bcha^-inral pbcnotyping of 
iTiiasjienie and Scnoctoout mice. 

In Uie same conversations, molecular getieticisis frequently asked me to r«;onirnend a 
book thc>' could consult to Icam more about bchaviarai tests fw mioc. Apparoitly the *ci- 
etJiific book patblishcrs ait leccKing sitm'br queries. Ann Bcq^lc and Robert Harisigton at 
John Wiley & Sons. con\^incc<l of a real need for such a book, swcd-talked mc into filling 
the void. What's Wfong mth MyAfouM^? is wTirtcn for these pdonccrmg molecular itenett- 
cists, and for the talented s!«dettfe wtio will be the next driving ftnte in nwviftg the field 
forward. 

On u pcrswial level, I wxmld like to express deep appKCtation to all of my behavioral 
ncurc^ientivt colleagues around the worid (br thctr ovtstandiog ^wlt, past, present, and fii- 
mre, Yow contributions to the excellence and abfundnnce of mouse behavioral tests prcAidc 
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the foundation for the m|>i4jy expanding scienrifi^ disco\H:tics forthcommg fhmi bchavroral 
J>h£ncir)pmg snidics of transgenic and kikockout mkc. Tltis book is a tcstanient to your ac- 
coBtplishmoits. 
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Designer Mice 



Tlic dasc4isc is mheritcd Family pcdi^jrees indicate an autosomal dominaiil Unkagp 
ai^'sw rcvtjal oiie strongly associated chraiiMsoiinail locus. Mapping idcnlifies the genr 
Tbc cDMA for tbc gw b sequeisccd. The anatamicai dhrtribution of Ihe gene is primarily 
in the brain- Tbc symptwn* of tbc disease ti« primarily ncurc^wyehiatric. Thicre Is no trcai- 
mem for the disease. TKe disease is Ictbul. 

Your mission, should >^u choose to sscccjrt it, is to develop a treatment fw the discasfc. 
Replaccment ^tc therapy is the best hope. But you don't know the gene product, you 
don't know liit fuactioa, and yvu doftH kaew if delivery* would be thiaapeulic Wterc 
do you start? 

Tbcse day*, you xxs^ choose to start with a lar^cted jfcjie musation^ to generate a nmtant 
mouse model of the hereditary diabase. A DNA. construct containing the mutated fotrm of the 
responsible gene is developed. The con^TJCt b inserted into the mouse genome. A line of 
n^cc with the nmtased gene is geoctaicA Cfaimtttefistica of dw mutant tnSce arc iftentiftcd in 
comparisooi to nomtal coo^ok. Salient characieristics relevant to the human disease are qnan- 
tilled. These diseasclikc traits arc then used m test variables for evaluating the cfiectiveisess 
of trcatmcnis. Ptiiaiive treatmmis arc admiacstercd to the mutant mice. A trcaancirf that pts^ 
vents or reverses dro disease txBJts m the muiam mice is taken forward for fiirtbcr ttsting asa 
potential therapeutic trcatmcnt for the humas genetic discoKCv Ococ therapy* based on targeted 
gene replacemem of the missbg or incoircct gene m the hunm hereditary disease, is de- 
scribed in Chapter 12. In ihc fiitvre, medicirac naay shift emphasds from treatmg the symptoms 
to administering rcgitaccmcnt gfiftfi* that eifcctrvrly and penriaDcmly cure the disease. 

Ta^^ted gene mutton in mice represents a ne^^' lechnology than is tevolutionizing hio- 
medkal research. TVans^nte mice ha^x an tsxtragtnt added. An additional copy of a nor- 
mal gene is inserted into dje ntouse genome to- smdy overcitprcssion of the getie product. Or 
a new gcac b added that is not noimaUy preset in the rooiKC genome. The ficw gene may 
be the aberrant form of a human gene linked to a disease. For example, die mutartcd form of 
the human humhtgiin gene is added to the naouse genome lo generate a mouse model of 
HunUngton's disc^. Knockout o^ice have a gene deieud. The null mutant homozygous 



53 



ussN 09/887,552 BEST AVAILABLE COPY 

Response and Amendment 
Customer No. 26619 



2 DESfCNERMtQE 

knockout mouse is dcfic icirt in alleles of a jcne; the heteiwygotc is deficient in oiw 
of its two aJleJcs for the gene. The gpnotype is for the nutl muuni, +/- for the hct- 
cTOzygotc, and +"^+ for Uic wlldtypc Qormal eottlrol. The phenotypc is the set of o5- 
^firt'cd cbaracteH^siics resulting ftwn the mutation. Phcnotypc* iwludc biochemiciU. 
iinaUMiiical, physiotogjcal. and behavionii characteriittics, 

tmg«tcd minations of geocs expressed in the beam m nvca\m% the mecfaanisms unto- 
\ym^ nom^ bcbaiw and bcJiaviomJ nfenormalitics. Moose models of hamaa neai^sy* 
chiatrfc dis^fties, such m Alzheimer^ disease, Pailouson^ disease, Htrntingtan'S disease, 
amyotrophic lateral scltjTosSs, obesity, anorcjiia, dcptc$*toii. alcobolisnt, drug addiction, 
schizophroia, and ajixietj; aie likely to charactcfizal fcjy tfadr behavioral pbenotype. 

This booi b designed to (niroducc the novice to the rich literature of bcHavioraJ tests in 
mice and Co show how to optimize the application of these tests for Miavioral plicnoi>'plng 
of mutant mke, Wascd on our eupcricoccs. owf labomtory is vi^rking toward a unifwd ap- 
proach for th« cipiimal conduct of bchaviswal plieiioiyping experiments in muSani mice. 
Reeooimcndatiaas are ottered fof a ihrec-Ucrcd sw^dce of behavioral tests, applicable to 
each bekjvloraJ doimin relevant to genes expressed in the manimaltan brttin. 



SCOPE 

This book 'is ditt-l^d as an overview of the tiiuiant raousc teehndbgy and an mtroduciotfi 
to the field of behavioral ncurrtsctcncc, as it can be applied lo behavioral phenot>ping of 
tmnsgcnic and knockout mice. Molecular giCDctidxts m^ browse through the chapters rcl- 
e\'iiia to their gene, to <fct kScas for possible Icsts to try. Uehavioral newi^tentisla who have 
DO CJt|»ericncc with mutiint mice may wish to read about the methods for developing a tnms- 
genic or knockout, the behavioral tests thai have been effectively appHed and some of the 
successful experiments published in the genetics litcrana*. 

Chapters utt organized around bcha\iQfal domains, ineluding geneial bealUi, ncurolog- 
ml rcfiCDCCS, developnicntal nill^b'tones, mmtit functiiVBS, 5*Hi»bry abilities, learning and 
memory, feeding, sexual and paremal bchaviots, social behaviors, and rodent paradigms 
rcl«\iiiit to fcai, anx^iy, deprcsdon, ucliizophrcniA, rewmd, and drug addiction. Each chap- 
ter bcgim %ith a brief history of d>e early work in the field and the present hypotheses about 
mcchanlm» underlying the cKprcssion of the behavior, A list of gcnerul review articlejt and 
books is offtred for each topic, encouraging the interested reader to gain more in-depth 
knowledge of the relevant literutine. 

Standaid test* we then pre^;eTt4cd b detail. Hightigtitcd ait those tasks that hai.x been ex- 
tesKiiviety validated in mioc DetttowstrBtiojits of genetic components of task performance are 
described, inclnding esperimcats corapaiing whtaS strains of micie (strain dtstfibutionsX 
quantitative trait loci approaches (linkage analysis), and naturally octuning mutants (sp«ft- 
laneous mut;xtions). Experimental design and spcciHc behavioral tasks arc presented as 
simply as possible. Extensive references are inclnd«J Ibr each behavioral test to obtain 
mote complete methods ftxmi the prinmry otperimcntal Hteratme on the topw. 

Illustrations ase provided for the most teiuently used behavioral tasks. Photog^aphisof 
the equipment w diagrams of the tasi accoinpany die text Samples of dftta are shown. The 
data prescntatiqn b designed to mdicsate itje qualitative and quantitative results that can be 
expected wlscn the task is property condui^ed 

Each chapter includes the results of several rcfM^ciKotativc experiments in wtucb these 
SasJut ore ^ccs5f full)- applied to characterise transgenic and knockout mice, Bxmnplcs cue 
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Transgenic and kftOckout mutations p/ovide an innportant nneans for understanding gene 
fijrKtion. as well as for <kveioping therapies for genetic diseoics. This engaging and informative 
book discusses the many advances in the field of transgenic technology that have enabled 
researchers to bring about various changes in the motuse genome. Equal emphasis li given to 
both the prif*ciplcs of transgenic and knockout methods and their applications. A cf^ar and 
concise format proi^idcs researchers with a comprehensive review of the behavioral paradfgms 
appropriate for analyzing mouse phenotypes. 

What's Wfor\^ wkh My Mouse? c ^plains the differences between t rar^sgcnic knockout mice and 
their wild-type controls, while providing critical infonrtstfon about gene function and cspres- 
sioa This volume recognues that newly identified genes can provide useful insights into brain 
functioning, including brain malfunctioning in disease states. Written by a woHd-renowned 
expert in the field, the materia! also covers: 

• How to generate a transgenic or knockout moui& 

• Motor functions {open field, holeboard, rotarod, ba Ur^cc. grip, circadian activity, etc.) 

• Sensory abilities {olfaction, vision, hearing, taste, tooich, nociception) 
» Reproductive behavior, social behavior, and emotional behavior 

Researchers rn neuiosciencc. pharmacology. genetics, developmental biology and cell biology 
will all find this book essential reading. 
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